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Nomenclature 


rectalinear spacial coordinates 

depth of body 

Wemcmu moe meontents ll eye. Cirecticns 
jeveE pot vice Orbital Velocivics 
POM ww OLGCham yaw aneular Velocities 
universal: gravity constant 

linear frequency Hz 

Aneulax 1 reouency 

bandwidth 

Peeouency Ome chicounmver 

frequency shift 

Waven penveod and Lime LO Chnceounver 
surface wave amplitude 

surface wave height (crest to trough) 
wave length 

wave number 

wave phase velocity 

Shiipey ec loca vy 

arbitrary phese angle 

velocity potential and angle in horizonal plane 
pressure 

atmospheric pressure Opsig 

density 

Siete 

total Energy 

incident angle between body and waves (180° in head 
seas) 

POoctalstorce vector 

neave force 

pitch monent 

VOINMeUrNeC diSsplacenent 

Serer sO eeamay 1) Gy 

center of buoyancy 

CenveL on Dressure 

angle ton AC cack 

control surface deflection angle 

Stl Pidecs stoectit 1c1 ene 

pitch angle or other angle in vertical plane 
Bat cecOet tf teen 

Cr, intercept 

Cy, slope 

ashe 

speed of sound 

lengths 

Merivaviveswith Trespecy LO Lime 
average taken over time 
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Abstract 


Based upon studies of phenomena affecting near-surface 
submerine control, the autnor has analyzed the existing nethod 
of control as well as three hypothetical systems, Though the 
analysis in some cases was necessarily qualitative, the final 
Beotem 2s considered to be a plausible solution to the control 
Peoolem, it employs the advantageous qualities of the first 
comeewnn & more efficient combination, 
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Tritrocuction 


whem tonaleexpervence Nas snaownh thet there is a definite 
need for a new or at least improved method for control of a 
near-surface submarine, This need has been documented in the 
mermmor an unacceptable number of broachings by certain classes 
of the Navy's nuclear submarines, BOGguGlonealiyv, +t 1S hoped 
that an improved sea state capability and greater accuracy can 
Pema veained, 

"Near-surface" generally refers to a submarine which is 
close enough to the surface to ve affected by surface waves, 
For the purposes of this paper, a submarine will be considered 
near the surface if it is less then one half of a wave length 
from the surface, The validity of this statement will be veri- 
mercds Later, 

ByiemwsubDjJect of optimum near-surface control of a submarine 
is a relatively new one, As yet, many of the phenomena govern- 
ing a submarine's response to submerged turbulence is not con- 
meeceryeunderstood, Unfortunately, much of the experimental 
data whicn has been collected in attempts to gain a better un- 
ferstending of this subject has been classified by the government, 

ine purpose of this paper, therefore, is not to design 
the optimum near-surface control system, Rather it is an 
mmeectipe -O Stidy and comprehend tne nature of the problem and 
some of the possible (not necessgrily optimal) solutions, It 
Pes been somewhat restricted to a qualitative approach with 


the use of exemples where they are helpful and possible, 





Initally the reasons for a submarine to even be near the 
Seeeee are presented in the hope of gaining Saas ASE Ieee 
the control requirements which will to a large extent determine 
what type of control systems are ecceptable and what degree 
Smee ecuracy is needed, 

This is followed by a section defining and describing some 
Seecnie applicable qualities of surface excitations - waves, 
The next section then shows in an orderly manner the erfects 
these waves have on submerged body, The analysis is begun by 
Seemuning the terms of Bernoulli's equation for irrotational 
mover 21 inviscid fluid, 

--o) 28 413 

# else +aV +92 (1) 
It is the integral of this pressure over the surface of the 
body which causes the forces and moments responsible for body 
movLi1ONS, 

Bex@re investigating the four different control systems 
presented, PmoOniet wi tseussrOony On control systems in general is 
mieiuaed, This emphasizes the two primary types of systems, 
eeteand closed loop, and defines several of the basic para- 
Sewers wiich are indicators of the quality of the systen, 

Finally, the present system is analyzed in light of the 
preceding sections, Three alternative systems are then pre- 
sented, The first one merely replaces the man in the control 
loop with a computer in an attempt to reduce lag time, The 
next system essentially begins from scratch, using a means of 


detecting the approaching weves so that computers can be used 





wemeredicty the motion of the boat before it occurs and take 
the necese2ry action to counter, The last system is more or 
moo omemcoloromise of the first three in the hope that the good 
meetures Of each can de combined to provide a system better 
toemeany Cf its predecessors, 

Conclusions and recomnendations by the author conclude 
the main body wor stbne Deoer, However, three appendices are in- 
cluded which describe a possible sonar system to beused in wave 
Mmeomeuwlor, the classical approach of using the linearized 


Poueurons Of motion, and lastly linear strip theory, 





Missions of a Near-surface Submarine 


} 
ae 


Before attempting to design any type of control system, 
it is imperetive that the mission requirements be examined, 
Meesesrequirements inevitadly place certain restrictions 0:1. 
Bon ious control parameters, 

feesidering only the case of the near-surface submarire 
in straight ahead motion, the following situations are note- 
worthy because all military submarines must be capable of at 
least one of these and possibly all of them, 

1, Periscope depth for navigational star sightings o7 
observation of navigational satellites: This is one of the 
least demanding situstions, Here the most convenient heading 
and speed may generally be chosen without regard to cavitation 
or fear of audio detection, (If such detection is a threat, a 
miomteamane 1S not likely to chance periscone depth merely for a 
look at the stars,) Similarly, it would probably not be 
mee ssatry LO come up in extreme sea states, 

Zeer re-cLorpedo run optical sightings: In most present 
day cases it may not be necessary to make this run, Consequent- 
My; in severe seas it would be possible to fire the togpedoes 
without coming near the surface, However, an optical sighting 
Meeamecectrainily increase the probability of a hit as well as 
Mesitvive'y identify the adversary. | For this reeson a high sea 
eevee Capability.iseadvisable, in order to remain undetected, 
speed must remain low enough so as to avoid cavitation, Sonar 


transmissions must either be stopped or carefully guarded for 





10 


Similar ressons, Low speeds mean less dynamic control from 

the planes thus compounding the rough sea problem, Finally, 

it would be ridiculous to require skippers to assume a par- 

mreular course with respect to the.direction of the vrevailing 
, 

seas when engaged in combat, 

3. Special operations: Considering only deep water 
Specicl operations such as reconnaissance, it would again be 
meeeosery FO impose reguirements similar to those listed for 
Pecvorpedo run, 

4, Transmission: Again in tne case of reporting an 
enemy's position, it would become necessary to use the torpedo 
run restrictions, Additionally, it is desirable to be able to 
limit pitch and heave amplitudes to a specified amount in order 
to keep antennae above water thereby insuring continuous 
transmission, 

5. Missle launchings: Missle launching is currently a 
Mery special case since it is normally done from a hovering 
MOsition, in such a case, the control planes are ineffective, 
This particular case will not be considered, However, if 
missles are eventually to be launched with way on, a control 
system must be capable of control at low speeds and in high 
Seas 2S well as for any direction relative to the preveiling 


seas, 





Coeracterictics Of the Excitation 


When considering the control of any vessel, it is necess- 
ary £0 aralyze not only the various dynamic properties of the 
vessel but also those of the environment in which the vessel 
memuo Opezate, 

In the specific case of the near-surface subdmarine, tne 
eeeronnert is of particular importance, Unlike the deeply 
Submerged suomarine, wnicn can ignore the relative insigni- 
ficant or even nonexistent effects of surface waves, the near- 
meepece Sibmarine is faced with a very serious control prob- 
tem, The submerged wave problem is compounded in comparison 
Memediecieyv encountered by the surface sniv since tne operetor 
mummerioy Visuelily detect tne apvroeching disturbance, 

There are basically two apvroecnes for enalyzing a seaway, 
Because the properties or a sinusoidal lene progressive wave 
are well defined ana essily modelec in the towing tank, such a 
Bepresentation nas gained wide usase, Additionally, linear 
response theories (the ratio of ship heave, etc,, to wave an- 
plitude for a given freauency is assumed constant) have proven 
Memecngujite accurate for most applications, Tne parameters and 
MeOoperties described in figure 1 are applicaole for 4a sinu- 
SOidal wave on the free surfece, 

mseeOr the equations of notiom for an ideal fluid anc «he 
appropriate boilindary conditions are used to evaluate tne velo- 


Sivy potential, 
gA cosh|K(z2+d)] 


i coanteay OTK re) 2 
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where the phase difference,é&, is arbitrary, 
The terms involving the hyperbolic cosines cancel in deep 


water due to increasing depth, d, The wave amplitude is given 


by: A= =f my sin(Ky-wt +€) (3) 
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X 
Jao febtrers) a 
The following identities are elso useful: 
wave frenuency, w= J27 9/7 — (4) 
wave number, k= w/g (5) 
phase velocity (velocity of wave crests), Vo = w/k (G) 
wave period, | = 2n/w (7 
The water particle orbital velocity at the surface can eas- 
ily be seen to be U= WA nay Sin (ky- wt +€) (8) 


Propertics below the free surface behave in an exponentially 
decaying manner to the corresponding properties on the free 


surface, (See figure 2) 


u(x,z,t) = w Amar explr2m z,/A} sin(ky-wt+e) 4) 
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Such a model is indeed a powerful tool and will be used 
later, However, in order to gain additional iit omnes y.on.. io 
is, in the case of the near-surface submerine, helpful to under- 
take a more general approach, It is therefore necessary to 
model, simulate, or otherwise define a stochastic seaway, 

In its simplest and most common forn, this representation 
assumes the form of a series of superimposed sinusoidal waves 
each characterized by a frequency anc emplitude, A very lar se 
number of these waves will in fact generate an irregular non- 
repeating pattern when they are added to each other in a linear 


manner, (See figure 3,) This randomness if further assured 
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Samce the phase relations between waves of different frequencies 
and heights in the real ocean are purely eae ie FOr Enis 
reason, it is impossible to predict whether interference among 
different wavew will be construct: ve or destructive, 

When an unknown number of weves with unknown proattices 
eee reaquencies combine, the result 1s not only an irregular 
Seaway, but also an unpredictable one, There is however one 
Weeeeeo cOomorehend and analyze this type of disturbance, That 
memvo Gevermine the total energy cf the seaway, 

moeenergy analysis of a a single sinusoidal wave results in 
the discovery tnat the energy is proportional to gravity, the 
defsity of the fluid, and tne amplitude squared of the wave, 
Mere nacpendent of the wave length, period, or velocity, 
@eeeirically, the energy of a simple harmonic wave is 1/8pen* 
per square foot of sea surface, (Note: Wave height will be 
Ugeminisvead of amplitude because it is more convenient for 
oceanographers to measure,) The energy of the entire seaway 
ieemerely the sumnation of the energies of each of the component 


eee ancarly superimposed, The total energy may then be 


Wereoen as follovs, 


— Z 
an . EA S (hw) (10) 


This distribution of energy according to discrete fre- 
jeeveies 1s known as the energy density spectrum of the sé 
Chis spectrum may be plotted as energy versus wave frequency, 
“or the four waves in figure 3, the spectrum can be computed 


and plotted in the following manner, (See also figure 4,) 





yvave number A(ft) h(ft) w= J2g/A\(sec™*) E(ft-lb-sec /ft*) 
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Figure 4 
miemvOveal area within the four rectangles represents the 
UOval energy per square foot of the wave system, The width at 
the base of each rectangle,AW, is known as the bandwidth, 
jmmeecrs Une real spectrum is composed of an infinite number of 


‘requencies and phases, as it indeed must be if it is never to 
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pe repeated in time or space, AW mst be made to approach zero, 
When this is done, a continuous Gurve is the result, This 
curve will change for different Sea states in different perts 
of the world, However, in general as the winds and fetch in- 


% 


crease, the peak of the spectrum will grow higher and tend to 


aS. 















eeirt to the left and lower frequncncies, 

For the case of a submarine moving ahead at a constant 
elocity, it is necessary to make one correction to this energy 
spectrum, This involves rescalinm: the frequency coordinats 
so thet the frequency becomes the frequency relative to the 
oving boat, For head seas the frequency is increased and the 
hape of the curve tends to be Stretched along the frequency 
xis, in general, the frequency of encounter is 

We = || -(w Vsi10/9) CO 5 Jt | (1) 

Lastiy continuing with the ansumption that the waves are 
f small amplitude and that they may be linearly superinnosed, 
igs possible to predict the particle velocity at a given depth 
if the surface wave height above incan water level is known, 
his can be done by merely adding the velocity vectors of each 
of the conponent waves, To correwt the resulting vector for 
depth, the same decaying factor 1j:: used, explL-27 2/A]. 

immeen be seen If\figure 5 tNat if the orbital velocities 
of the czumponents are known, ther the orbital velocities cr the 
resultant wave may be readily calculated, The problem then be- 
-omes one of obtaining orbital velocities if the component 


faves are unknown as in the real life case, Since it is now 
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te 


known that linear superposition is a valid means of obtaining 
these velocities, another method of linear superposition may 
be sed. 

The kinematic boundary condition for a regular wave states 
thet the normal velocity of the surfacr must be the same as the 
fluid velocity at that point, For waves with small slopes, 
this says that 

dh = w = of (12) 

Jt 2 
This musi also be true for a series of regular waves, Con- 
tinuous monitoring with a hydrostatic depth sensor will allow 
calculation of W, 

ies tCnis vertical component of the orbital velocities 
which causes pitch and heave of the entire body and whicn 


Gmpects the angle of attack on the control planes, 
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Environment Effects on the Near-surface Submarine 


iefetee ore esSeverai Iacvors which affect the control of a 
near-surface submarine, Any one of them taken separately could 
either be caiculated and modeled or. ignored, It is the agrregate 
sum of these factors which tends to complicate the design rnrob- 
lem, The forces on a submerged body may be expressed as the 
integral of the pressure normal to the body taken over the sur- 
Pecemor tvhe body, Considering only the caseof en ideal fluid 
Pea rrovation flow, the integration of Euler's equations 
wereras the following expression for the pressure, 

p--e| Sh 2V*+ 92 | (13) 

Looking first of all at the last term in the pressure 
equation, it is necessary to consider the constant pressure sur- 
Peece mentioned in the preceding section, The shape of these 
surfaces is dictated by the exponentially degenereting empli- 
tude, For é submarine at a mean depth of 50 feet under a wave 
628 feet long, 

hC2)= Neurface exp L271 2/0] (14) 

h (50) = eee. eyel2n 150/626 | 

PSO = Neurlace expl-o.5 ] 

h(S0)* hsuvface * 0,606 


This is still a very significant wave amplitude, especielly 
mememoder: +e Or high sea states, if the wave profile is fz>7zen 
for an instant in time, the problem becomes one of hydro- 


statics in which 


F= {{ pads (15) 
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tic = Sf Galles nas 
zz =-¢9 Sf 2GA)d5 

Fie i ps Gao 

Fas = Pg iy dv 

Fis =~pgVK | (16) 
where n is the unit normal vector pointing Hee. LNe body 
| and k is Enc UME VeGwer in tie tz cereal 

y ideelly, this passage of a pure pressure wave without the 

Meeompanying particle velocities would create essentially no 
change ir force since the integral of the pressure would not 
Ggenee but remain constant, This phenomena is perheps better 
understood by looking at a drawing of a surface and submerged 
vessel, In the first case, the vessel must heeve and/or pitch 
TO keep tiie submerged volume constent, This assures a belance 
faeeene torce equation, In the second, surrounded by water, , 
the volume does not change with the pessage of a wave, (see 
figure 6,) 

Teor eUecemMoSt prominent effects is referred to by sub- 
mariners as "suck" or the Venturi effect, There is indeed a 
Gemponent of the pressure equation which results in the sub- 
marine being sucked towards the surface, However, the refer- 
ence to the Venturi effect is not a technically precise des- 
Cameron, otrictly speaking, the Venturi effect is apviicable 
Orga tOr rigid boundaries and steady flow, It in effect says 
that for the case where there is a constriction of the cross- 


sectional area of flow, there is a corresponding incresese in 
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Gmemvelocity of the flow, This velocity increase results in 


bemerecscure decrease, 








Figure 7 
| 
‘For steady flow, # t 4 pV constant. (I 7) 
Therefore, + /, P; Vv,“ = 2 - b Pa V2 ’ (18) 


iBut conservation mass requires that Vi A, pat a Vo AP, dt. 





1 =P2 for aneimecompressiple fluid, 


V\= (A,/A,) V2 : (19) 
P= Pr iu h pl V,'~ (V,A2/A,) ] 
A= prt hp V7 [I- (A2/A)* J (2.0) 


tnis is only partly applicable for the near-surface sub- 





marine, Since the depth beneath a submarine may be assumed 





ieee, there will be no constriction of flow around the lower 


uniform “low field with no disturvance, there will be a slight 


| 


reduction in the cross-sectional area of flow around the upper 


nalf of the submarine, Assuming that the submarine is in a 


half resulting in a higher velocity and thus a lower pressure, 


However, the reduction in cross-sectional area is not as great 


| 
! 
t 
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ae Mmeemight be due to the non-rigidity of the boundary, In 

fact, when the submarine passes beneath the undisturbed sur- 
face, it will create a wave on the surface which it pushes 
along with it, This wave tends tc_increase the cross-sectional 
area of flow such that the Venturi effect is pene eer coir 


reduced, (See figure 8) 


actya! 
su Ace 
Yea a 


———— —— = 





Figure 8 

a mo trie initial undisturbed cross-sectional area before 
the submarine enters the region, 

ING is the new area which would exist if the surface were 
a rigid boundary, 

|| 43 “s the actual area as a result of the non-rigidit: of 
the surfece, Ay > Ae > A> 
The second discrepancy in calling the “suck" a Venturi 


Slmeect is the assumption of steady flow, In reality the 
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surface will normally have some random configuration which will 
Besmmpein the water particles having orbital velocities, 


If the irregular seaway is broken into its regular sinusoidal 


Mem@eements 2S before, it can be seen that the velocities of the 


gd 


Memes particles increase the magiitude of the ve Cerne ar ohie 


Mpressure equation, 


Veelative ~ Vshi p + Us cos (wtt e| (21) 
where Ug= explo An Zo/A]} Usurtace cman (22) 
rel, = Vt ee exp|-27 Zo! | coslwt+€) 

Veet = Vi24 1 Ve Uns exp\-2n Zo/d] 205 (wt + €)+ Umery Exp \-4-ry 261) \costlastte) 


If aa momaverascd Over tine, the second term involving 


i ; 2 
} cos (Wt+é) becomes zero, The final term becomes V5 Unag expl4n 2o/ Al. 


SIe) te Veo 7D) ow ey. o)-4n 2/0 (23) 
| ferecxample, if eee ft/sec 
: Loe BV ola. 
Ae 26 4a 


h= {24% 
Veet = Be Gs h)* expl-4n 40/628 | 
Vel: 36+) 36x20g/o26 ey p02] 
Veel* = 3G + 1.75 
Vr? = 36E1+,05] 
Initially, this may not seem like much, but in fact, this 


Perecmeccuplec with the previousl, mentioned Venturi effect can 


metecere 42S much as ten to twenty tons of lift on a submarine, 


iimemtorce is dependent upon the amplitude squared, uvon the 


length of the waves in the sea state, and upon the meen depth of 





the body, This force is defined as being a time averaged 
force which remains relatively constant through time provided 
that the sea state remains unchenged, 

Sance the suck force is dependent upon the sea state, the 
Svociastit case can be modeled using an energy density analysis, 
The spectrum can provide a mean value for the frequency end the 
wave height, The mean or expected value of the 
Predeency can be found much like the expected vaiue of a propd- 


a density PUNGU LON. 


wor 54 {SWS /E Sw.) (24) 


The denominator is used to normalize the value, 


hey 2 215 Me. 200) (25) 
a D4 (h as (26) 
_ exe . J8 Ex7/Pg (2 y 
Mitjenexpected height and frequency can be combined to form 
an average or expected wave, This wave can be used to predict 


the average suck due to particle velocities as shown belor, 


mm ien ae onal 


Pocbital vel ~ -h P [re exo L An Zo/A | ee. Day (23) 


and embstitution into (15) fives 


cri “Vie i), expL- 4nZo/A] hex, one AS (29) 


Using oP theory (appendix _ 


Facut “the & be hea wr ff expt teseViJueat 6) 
Feu-koov) = ~ te en pegiedhls FexpL tne ofe (3\) 


where n is the number of sections each of which is a unit 


long, 
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. The primary problem involved with the suck created by the 
free surface is that the term is second order in V and thus 
will not be accounted for in the normal first order equations 
of motion, Even if the equations are altered to account for 
Seconda order terms, an additional problem arises, In 2ll cf 
the preceding analysis, it was assumed that the insertion of the 
Submarine into the orbits of the particles did not affect these 
orbits, This is certainly a gross over-simplification of a 
mervyecomplex subject though necessary if useful results ar2 to 
BewOotaincd, 

Upon encountering this force, a normally stable and neutral- 
ly buoyant body becomes unstable and seeks a new eauilibrium 
position by ascending to the surface unless proper precautions 
are taken to prevent such mishaps, These precautions them- 
selves create additional problems, 

wmere are basically two ways to offset the suck of the sur- 
eeeeeeeine most common is to take on ballast thereby making the 
boat Meaabively, buoyant, The problem here is determining the 
proper amount of ballast for various sea states, Too much bal- 
last can make the boat dangerously heavy and sluggish while too 
little may result in broaching. 

The second method is to use an angle on the sail plrnes to 
fweawe & downward force, The prewdlem here being a reduction 
in control authority and the possibility of losing the down- 
Poaroei1orce if the orbital particle velocity is such that the 


angle of attack on the planes is reduced to zero, 











Figure 10 


28 





in addition to the time averaged suck experienced by the 
Mog@wmaue tO the orbital velocity, the particles also induce 
time Memenadent forces and moments, pitch and heave in parti- 
eee uae exact effects of the orbital velocity components 
Sumene nul) are very difficult to analyze precisely due to the 
many approximetions and assumptions which must be made to 
keep the theory tractable, However, a couple of simple examples 
will serve to show at least cualitetively what happens as a 
submarine passes under a regular sinusoidal wave, (See figure 10) 

As stated in the section on waves, the direction of the vec- 
meer epresenting the particle velocity vary sinusoidally with 
time and the coordinate x, and they vary in magnitude expon- 
Soetarty with depth, From figure 10 a,, it is observed that 
Meemerae body passes under the trailing half of a wave crest 
Reem jected to velocity vectors which add Up voryield a new 
moreewan 2 Uupwerd direction, Similarly when the body passes 
beneath the leading half of the wave, it experiences a net down- 
meemenerce, from figure 10 b., it is seen that if the body is 
directly under a crest or a trough, one half of the body exper- 
Memees an Upward force and the other half experiences a dorn- 
W ard force, These two forces form a couple Ron resce a pitch- 
eeeemonent, in the two pictures, the wave length is approx- 
mewely *wice the length of the toat, Intuitively, this would 
seem to create the worst heave and pitch, In actuality this is 
not fer wrong, Experimentel model tests run for the U, 5, 


Navy's Bureau of Ships at Davidson Laboratory demonstrate that 
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a plot of pitch or heave amplitude for a given wave height 
versus the ratio /L peaks or tends to level off at a ratio 
of yO /L between 1,8 and 2,4, Without the use of control sur- 


faces, the path of a properly ballested submarine will lock 


like figure 11 in a seaway where A/L TAS) S72 Or 











path of G G 


JQ aves binge: 2 ileal 


iemeounter this oscillatory path, the control surfaces 


must be used, Here again, the orbital velocity can be very 


significant, Although the effect is probably somewhat distorted 





meee Case of X or cruciform stern plenes which are generally 


shielded by the submarine's wake and the propeller race, tne 


effect on the sail planes which are in the free stream can be 
ericical, 

Ror cxample, the lift generated by most control surfaces 
is proportional to the inflow angle - at least for smell angles 


Of attsck, If a submarine's sail planes are st a zero angle of 





attack and they encounter the trailing edge of a large wave at 


the center of its orbit, the new resulting angle cf attack 


would create considerable lift, Note the following example: 


aN 


eee a | | | | = 





Sail Plane 





Figure 12 
For a submarine at a velocity of 10 ft/sec and a depth of 55 ft 


628 ft long wave with a 10 ft wave height, 


under é& 
W = J2ng/A 2.568 sec™ 


W, - 0,568 «Sx exo [-0.3] a | £tlsec 
A z avctan(%| — tin (4!) 


f <11,8° : 


This is not.an extreme example, 


ae 


The problem becomes 











bye 


oe emecilarly critical when for one reason or the other, the 
Blames are already near their stall angle, Such an increase in 
mene angle of ettack here can cause loss of lift resulting in 
broaching or at least strong heaving, 
Another hydrodynamic problem often occurs when skinpers 
mBteake on excessive amounts of ballast to offset the suck mer:tioned 
earlier, This normally results in a boat which is heavy by 
the stern, Typical angles are as much as 4 or 5 degrees dcwn 
by the stern, This angle causes the boat to develop an anjzle of 


mimgeecrwe Even for a slender body of revolution, this engle of 


Baek Vl result in a net lift force onfthe enic ire. body. ja wnas 





force must be countered in some manner or the body will rise to 
the surface, If the control planes are used to counter suck, 
Beenero) euthority is compromised, 
fP~ev1ous discussions have concentrated on the effects of 
Meeer parcvicle orbital velocity. There is still one additional 
i term from the pressure equation which must be considered when 
ee ting.with non-steady flow and that is the partial derivative 


) 
|with maapece FLO Lime of the velocity potentiel Se, From the 


presentation of waves it is known that the velocity potential, 
(le gil cos (Kx-wt + €) 


for deep water, When considering a single sinusoidal wave, 


fo purelv arbitrary and may be dropped, Differentiation yields 


ZO) ah «: _ 
eo = sin (K¥- wt) (32) 


This term is seen to be linearly proportional to the wave height, 


SA look at the following figure results in the corresponding 
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table comparing 9,28, Z, and MM, 
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kx-cot 


. heave up 
pitch up? 
Figure 13 
Or gh [Os (ky- ust) maximum at crest 
te ah Sin (Ky-wt} maximum at leading m.w,l, (33 


Zor EE vad sinlky-wt) K K |,* maximum at trailing m.w.l. 

M,=-M may vaalkx-ei)A hf maximum at trough 

els at termes OU Of phase with tae orbital velocity 
of the particles and therefore tends to reduce the effect of the 
particle induced pitch and heave, Although the particle velo- 
| city can be determined if the height of the wave is known, it 
is considerable more difficult to determine the value of se 
Mise random sea, In order to that the entire scectrum ust be 
considered and a complicated analysis is required involving 
Pnxeeadiiferentiation of an infinite sum of unknown velocity po- 
tentials of different megnitudes, frequencies, and phases, 
Since the pitch and heave, Mp, and Za are proportional to the 
wave height scuared, and the de terdgic Only wproporbional to 


Poewiirst order of height, the $f tern lcelowalin; Tes ec led. 
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When discussing Venturi*s effect and the orbital velocity 
Memem@enwater particles, it was mentioned that not only did the 
free sur’ace and its waves affect the motions of the body but 
baeeeeiec movcions of the body altered the configuration of the 
Seretace and the path of eiewoatttcles ost 1S permissible to 
mem@ememtene eifects of the body on the environment for the pur- 
meeesno! initial analysis, However, if truly meaningful results 
ere to be obtained for use in a control system, it is necessary 
Torwconsicler these parametric excitations, Unfortunately even 
though tre environment's excitstion of the body and even the 
mecwes COlpling between its own motions cen be predicted witn 
reasonable accurecy in the normal homogeneous enouations of 
motion, the body's effect on the environment can be of the 
Meurvn Order and requires extensive analog simulation, 

[mere ral |] survey of the excitations experienced by the 
near-surface submarine reveals that they may be broken into 
m~emeasic categories, The first is a d,c, component in the 
memmmeoretune Suck, and the second is an a,c, component which 
moma comDination of the various oscillatory forces, “ 3soth the 
a and a,c, effects in a regular wave are prinarily dependent 
wemeecona Order terms, When the body is sub jected to a sto- 
chastic seaway, it is then understandable thet accurete sinu- 


Metron 2id prediction becones qu*te involved if not impossible, 
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Control Systems 


ine excitations mentioned in the preceding section present 
a variety of control problems and even a wider range of poten- 
Mietiecolutions, Before the actual selection and design of the 
control system can Deel &a list of objectives and constraints 
must be assembled as guidelines for the.design, 

‘First and foremost, the entire system must be stabié, 
Without using the control surfaces a near-surface submarine 
unstable in heave, The first thing that the submarine must do 
mem 1s counter this destabilizing force, 

A second objective is accuracy, This is best understood 
meeeocicing the difference between the output and the command 
input of the system, Nearly all control systems have some steady 
mewemerror after the transient response dies out, Accurecy 
cells for a minimization of this error, The transient end 
steady state resnonse sre indicated in figure 14 for a second 


mraer System subject to a unit step input, 


20 : 
Blea S ate 


iS } 2. ervrvor 
, 
LO ( /K Semin <a 


yt 
Figure 14 
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Although a second order system is usually Weeeranits sta- 
pe, a near-surface submarine is assuredly a high order system, 
Nevertheless, the second order graph in the figure is still 
woalveaole 1n comprehending various proverties of the system, 

In a field of excitation such as a random ocean in 2 high sea 
state, sneed of response is also very importent, The system 

mice react quickly to each significant excitation before tne 

maopem 1S tUrther compliceted by additionel excitations, If 
the resvonse is too slow, the submarine will soon succund ‘io 

bhe rapidly changing environment, 

me tfast response is however not in itself sufficient, 

Curve 1 has a very fast response but it takes an extrenely long 
mime to settle into a steady state, Such oscilletion ina 
submarine would prove to be very uncomfortable and the contin- 
Mous Superposition of more oscillations would soon crerte a 
Ganserous situation, For these reasons the systen should be 
equipved with a fair amount of dampening, 

Speed of resvonse and stability are both generally aided 
DY uSing some type of proportional control with a high gain, 

In other words, the control surfaces are deflected a given 
emount per unit heave or pitch, The more they are deflected 
Maen, neave or pitch, the faster the corresponding force 
Sat! act, (Care must be taken even here because too high wf a 
Pema hurt stability and it certainly hurts the dampening of 
the systen,) 


Derivative control is generelly used to insure prover 





dampening, This reouires that the rate of heave, zy Or, picen, 
6, be detected, The surfaces are then deflected in accordance 


with rate as well as amvlitude of motion, In general then the 


angle of deflection of a surface is, ; 

si) =k, 2) + Kk, 24) (34) 
where Kas end Ko are the gains, Zz is the heave amplitude, and 
g is the heave velocity, 

A quality which relates the steady state error to the ex- 
citation fron the environment is known as stiffness, Stiffness 

4s defined as the ratio of the steady state error to the anpli- 

tude of the excitation, For e submarine in a random sea, this 

| | 2, 
mis: 5S= [ Zommand~Zoutpat 1 / A (35) 
Noise, or lack thereof, is another manwror 42.2000, COnLYOL 

system, In general noise occurs when very high gains are em- 
ployed and it is one of the major deterrents in trying to op- 
tinize the control system, It also sometimes results when the 
amplitude and rate of the ordered deflection approaches or 
reaches the maximum capabilities of the actuators, Noise in 
the electronics of the control system can result in substantial 
Josses of accuracy and speed, 

Control authority has already been mentioned in a previous 
section, but agein care must be taken to avoid too much com- 
promise in control authority, 

Finally life cycle cost must be foremost in any designer's 
mind, Life cycle cost is used here because acquisition cost is 


generally an almost insignificant quantity when compered to 
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research and development costs not to mention repeir and mein- 
tenance costs, In fact, cost is probably the primary obstacle 
4n the path to the development of improved control systems, 
Mmere are besically two classifications of control systems, 

closed loop or feedback control end open loop, Open loop sys- 
tems are those in which the input or commend signel is totally 
unaffectec by the output and its resulting error, In a closed 
Me@eopmsysucm, the error at the output is fed back to the con- 
meemtcor tim Nelp reduce the error, Note the folloving simpli- 


(| 
fied ploci: diagrams of both systems, 
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Figure 15 


If the controller knew precisely how to react for each 





oe, 


input, he then could properly control the actuators (control 
surfaces) to result in zero error, Needless to say, under 
fecamaonm Ocean, it is quite impossible to perfectly predict the 
excitation, To further complicate the situation, the equations 
Seemoulon are only approximetions of the vehicle response to 
its own actuators in a regular sea, Obviously then e feedback 
Sysvuem is essential for the control of a submsrine, 

mee wolLlowing sections will discuss the closed loop 
control system now in use as well as three other possible alter- 
Pomme coy vne intent being to optimize as many of the preceding 


objectives as possible, 
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Manual Control (#1) 


Deroere deciding what type of control system is to be used 
in a new submarine, it is advisable to examine existing systems, 


The primary differences among today's existing military sub- 


ad 


memes which affect constent velccity control near the surface 


| are various external configurations, These differences include 





feezemana location of the sail, location of forward control sur- 


faces (bow or sail), and location and arrangement of after con- 


trol surfaces, Desnite these apverent differences, the control 
portions of these systems are reletively similar and vill there- 
Tore be discussed collectively. Exceptions to this statement 
are some experimental and special purpose boats such as the 
DSRV, ) 

The block diagrem in figure 16 is a simple but represen- 
tative examvle of such systems, An order to come to and main- 
tain a certain depth at a given attitude (pitch andle) is given 


Meeetne Officer of the Deck, This order is the invut, The 


stwo planesmen send the Diving Officer then work closely together 


to achieve the desired output, First the Diving Officer nakes 


the decision to take on extre ballast (beyond that required for 


neutral buoyancy). The amount he orders is generally a function 


ead 


of what knowledge he may have about the existing sea state, his 
previous experiences, and/or formal boet operating procedures, 
He periodically corrects this decision based upon his obser- 
vation of the average angle of attack required by the sail 


plenesnan to maintain Gepcimeeti ovner words, if the plene 
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Memectares 2n up angie of deflection of five degrees for instance, 
me Knows that the plane is being neces counter tne suck force 
as well as oscilletory heave, He would then teke on more 
ballast, 

The stern planesman and the sail plaenesman work as a team, 
wee vlanesman follows a gage which is continually dis- 
Mmeeyone the depth of the boat, He deflects his plenes in accord- 
emce with the amount of error between the actual and conmand 
meoedieand now fast he senses that this error is chsnging, 
mmiiariy, the stern plane operator follows a bubble which con- 
mrmgously shows the angle of pitch, The justification for this 
mperavion of control stems primarily from plane locations, 
meee, ve Sail plene is located relatively near the center of 
mere ncy, the moment arm of its vertical force will be relatively 
Smell and therefore its capability for inducing pitch is rela- 
meyely smell, On the other hand, the stern planes are placed 
as far from tne center of buoyency as reesonably possible, Of 
Bourse their pitching moment is accompanied by a heave force, 
but since the moment erm is so lang, the magnitude of the force 
remains small enough to be corrected dy the seil piene, 

ligewections of the planeszmen ere carried by electric sig- 
nals to the hydraulic system which actuates the resnective 
memes, the resulting motion is « direct result of the ccntrol 
surface deflections, the ballast condition, end the exciting 
forces of the environment, This motion is monitored end the 


difference between the output end input (error)is disnleyed for 
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memes planesnen in the form of the readings on their gages, 
mamemose Lne control loop mentioned in this eon when 
meewmyvrstvally note the difference in the actual depth or pitch 
angle and the commended position end act to correct it, 

The advantages of this system are readily ee ibe 
is the simplest system available that will get the job done, 
pce sit Nas been proven in actuai use for many years, further 
Zaoeemmenm end development costs for installation into future 
boats are relatively insignificant, 

Maintenance is low since men are the decision makers and 
thus the amount of electronic gear is minimized, The required 
number of sensors is small and they are relatively simple, 

The pitch sensor is a gravity device and the depth sensor 
Meeesures hydrostatic pressure, Another feature associated with 
bois low maintenance and simplicity is a high degree of oper- 
meno. tne hydraulic system whicn controls the planes and the 
airmen olectric circuit which transmits the orders from the 
Pie sne:n CoO the hydraulics system are both very reliable, Off 
duty planesmen are always available in the event of sickness 
Saaerjury Lo one of the olanesmen, 

Another perhaps intangible benefit but nonetheless sig- 
Peeeveanct is the fact that most skippers tend to distrust black 
Pemes, 8 nis is really not so hari»to comprehend considering 
Pmemieavy’s tendency to outfit operational combatant shivs with 
"new, improved" hardwere based on computer simulations and small 


scale model tests rather than full scale testing, Such experi- 


mental procedures can be justified on @ time-cost besis but 
few skippers like the idea of risking their records for the seke 
of experimental research, 

A very tangible end tactically rewarding benefit to this 
Pwocmanr control system is its low degree of detectability, It 
does not rely on any forward search sonar to predict effects of 
oncoming vaves, This very beneficial when operating in close 
Peeoamavy CO enemy forces, 

There are reasons however why many operetors end designers 
waste LOsimprove control systems, They point to a nunber of 
eoeres in the current system, Looking first at the stability, 
meerssobvVi0US that problem does indeed exist, This has tn-many 
Cases resulted in broaching, The manner in which the Diving 
Officer chooses the amount of extra ballast to counter the d,c, 
effecto of various sea states is something less than ideal, 
Without precise knowledge of current surface conditions, this 
officer must make a calculated first guess and then meke correct- 
ions as he gains more information (averege deflection of sail 
planes amd relative roughness of ride), Since the most crucial 
time in a near-surface cruise is the ascent from deep depth and 
the initiel leveling off, a more ieniednea bis officer would 
result in fewer broachings, Additionally while many officers 
may know the croportionality constant between lift and the 
angle of attack, they must rely on "eyeball averages" when 
noting average plane deflections, This can lead to inaccur- 


acies which can only be corrected by trial and error, In 
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fact, the optimum ballast condition many times is never reached 
Moreen eCntire near-surface mission, 
Consider the case for a submarine at a given constant 
Speed, Recalling that ballast is taken on to counter suck, 
meemeime averaged lift force is desired, The oscillatory forces 
will averege to zero and only the lift necessary to counter suck 
eer be left, 
L(t)= Lsuck thoscillatory (36) 
where Layo, = Suck Force - Extra Ballast (37) 
and Loscillatory = Lift due to sinusoidal components 95f (39) 


orbital velocities 


L(t) = Leuck + 0 (34) 
Louck = +p A v* C, (A) 

Mere C(A)=0,+ Ce (40) 
For a symmetrical foil or plane, C,=0 

Lsuck= h 0 A v* C& 

and A= 3. plane * avclan fut | (41) 
Averaging over time results in the second term on the right 
Side being ZeLcoO SO, 

A= 6 : (A2) 

Now it can be seen that 

Ie = LoAV*C & (43) 


suck 


—> 


6 is the only questionable rniumber in this equation, If 5 
TaeKnown, eae can be precisely calculated, Loo, is the 
amount of excess ballest or additional ballast needed depend- 


meeeupon its sign, = 
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Dae to the criticality of having enough bellast the Diving 
tprecr O1ten takes on more than necessary, mets enti res use 
of the sail planes to keep the vessel from sinking, Since 
most of the ballast is generally aft of the center of buoyancy, 
mumaiso causes the bow to pitch ur, This results in ae afore- 
mentioned angle of attack on the entire submarine and an addi- 
tional lift in the same direction as the suck force, This re- 
quires countering with more ballast or additional use of con- 
megimeosurieces and a corresponding decrease in control authority. 
such measures and countermeasures can have a very destabilizing 
Badect On A Submarine, 

Pm@otner critical variable in successful control in this 
Stochastic environment is the planesmen, Even with perfect 
Mmomtrol Of ballast, accuracy depends on the skill, composure, 
Smomeoordination of the two planesmen, Under duress, it is 


conceivable that even the most professional vlanesmen's per- 


Mommances would suffer, Another feature highly dependent 


moon the “human factor" is speed, Operation becomes hazardous 


at speeds above a certain critical speed, Above this speed it 
f-meno longer be assumed that 6 man will consistently react 


quickly enough to even normal excitations to avert mishaps - 


broaching in particular, This "reaction time" is different for 


6€ach man and is obviously quite difficult to measure with any 
real degree of certainty, For this reason, submarine operating 
procedures restrict speed near the surface to arbitrerily low 


numbers, If more accurete modeling were possible, it is probable 





miemeeuoper limits would be raised, This inpredictability is 
Premier shortcoming of this type of system, 

The mandatory speed reduction carries with it some mixed 
blessings, Besides insuring that speeds ard kept vrithin humen 
reaction limits, it eee if not eliminates noisy and ineffi- 
mecigemecavyilacion Since cavitation is dependent upon the squered 
angular velocity of the propeller blades, Low speeds linit the 
Seieeu ot the boat*s own velocity on the d, c, suction force, 
Pmeorcvunately, low speeds also decrease the lift cepabilities 
Sreere control surfeces, Hemember, L=3p A Cr, ears Lhey also 
feet ne Oscillatory forces end moments due to water particle 
velocities to play a larger role, This is particularly true 
momemene Case of the control surfaces, Again recall fhat lift 
momproporvional to the angle of attack and that the angle of 
attack depends on the ratio of the vertical component of the 
meomeal velocity to the relative horizontal velocity, For the 


extreme liniting case of a submerine with zero speed, 


Ss § + Bona ane 
A= § tarctan|# | Wace sin Weer sinatt | = Stet ° (44) 


mmrone as the control loop does not have a look shead or 
mime ipavory facility, there will always be a pane leg due to 
the time required for a disturbance to be sensed, displeyed, 
WMeeeucad UG, an order given, a signal trensmitted, and the con- 
trol surfaces actuated, For these reasons the system as it is 
Pemenever give a “perfect" ride, For the same physical char- 


acteristics and assuming that. each component is operating at 
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maximum efficiency, the system which minimizes or eliminetes 
this time lag will be the one with the potential to become 
Mestvecriicient and comfortable, 

dhe system nas certainly contributed its share to success- 
feeoubmarine performance in the past and will probably covitinue 
Mem@ows® ifn atleast the near future, At this time in fact it 
EMiemeappecers CO be the best solution to the problem of near 
pumeecce Control if commercial submarines are ever used for 


Cargo transportation, 
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Computerized Reaction Control (#2) 


The most logical method to consider next for improving 
the existing system is to replace the man in the loop with a 
machine which will react more quickly to the sensor input, 

The process flows around the loop in the following manner, 
(See figure 17) The Officer of the Deck gives the commanded 
Mepen and pitch angle, the Diving Officer selects his ballast 
much es he did in the first case (His primary job is to offset 
the d,c, force and so does not enter into the lag time,), and 
tne control surfaces are deflectec. in accordance with some preset 
momma Of the following type. 

seni le Zamora Wy 3 

Stern = Ka] Oo7 temmand] + Ky @ bs) 
where Kj, Ko, Kes and Ky, are constants chosen from experinental 
and ciassical analysis, 

miceplanes are deflected accordingly, The environment, 
Maemeanrtasty condition, and control surface attitudes result 
Sever vOousS dynamic forces and moments which cause the submarine 
to respond and assume some new depth and pitch angle, The 
differences between the two outputs and innuts are sensed and 
sent as input to the black box, Simulteneously © and z are 
fmoeaily displayed for monitoring by the Officer of the Deck 
Pea@meune s£iving Officer who continaes to correct his initicz? 
Se@ecvtion of ballast, 

ihe black box changes the physical set up in a number of 


meyvys, It eliminates the need for the control knobs used by 
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the planesmen - this saves time, It also eliminates the dis- 
play Lime fron thebscillatory GONLTOIm Oop simce the black box 
receives the error directly from the sensors, Effectively 
Piem tne dispiey unit, the decision unit, and the control signe: 
unit are sncluded in one neat pox, 

This system offers several advantages over the original 
manual system, The elimination of display, humen decision mak- 
ing, and manual turning of wheels reduces reaction time con- 


siderably which keeps forces and moments from building up, 


CUE 
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Figure i8 
t; error sensed 
to automatic system reacts and sends control signal to 
hydraulic actuators 
t. manual system reacts and sends control signal to 
hydraulic actuators 
This reduction in reaction time will allow higher speed 
and the autcmation will allow for uniformity of performance 
feem wave: to watch and boat to bvzat, 
The problem of choosing the constants in eouation (45) is no 
small talk, but it is reasonable to assume that they can be 


chosen to at least equal the best human performance if by no 





me 


Otvner way than using the same proportionality constants & good 
planesman uses (subconscious though his Bet icne may be), 

Once this process reaches a suitable solution, a decrease in 
-imor Snuwld result in a more efficien. systen, 

NAV SEC has conducted tests 56 Which it compared the 
error of the simulated system with a man in the loop to a sim- 
ilar system which has replaced the man, The simulation srowed 
that the automatic system had in all cases less than one half 
the error of the manual system, The autometic system was not 
Saeeeucn guicker with its response, but it was much more sen- 
Seve CO e€xcitations, In simulation, the results were ve:*y 
emeeureazing, Unfortunately though, in the process of achieving 
This apparent break through, the simulated control orders ex- 
Peeeeaeune capabilities of existing hardware, 

eae ObViIOUS solution Co Chis problem is to install some 
mivers SO the less significant excitations are ignored and 
some other filters to limit the ordered deflection rates and/or 
amplitudes, This of course negates part of the advantage which 
has been gained, It also makes the system as a whole end thus 
fegeimie., repair, and mseintenence more complicated and less 
ifeomwrabp le , 

As far as today's Nevy is concerned, pennane tne oie eest 
advantage of such a system is that it would releese at least 
two men and reduce the training requirements for three others, 
(On most boats, one of the planesmen operates the helm gs well 


as his plane, For a three section crew requiring a total of 
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six planesmen, three planesmen could be released and the other 
maeee would only have to be profficient at the Svein One 
additional man would probably be needed for maintenance and 
repair of the computer,) Over the life of a vessel, this 
reduction results in the savings of hundreds of Pneeonde of 
Gowelars , 

Hie prebilems accompanying the suck force are essentially 
miemtical to those of the manual method since this portion of 
the loop is unchanged, 

From a combatant standpoint, a problem arises in regerd to 
operability and survivability of tne system when attacked, A 
depth charge is certainly more likely to decommission a machine 
Goemeealt or otherwise incapacitate a man, in the long term 
Pewepective, the problem can be solved by having a menually con- 
trolled back up system much like the previous system, The 
solution to the transient problem is not quite so simple, What 
immeo nmappen to the boat between the time the automatic system 
fails and the time manual control is resumed? Will the sub- 
mmerine broach, will it go into a crash dive, or what will it 
teveeemis Of course depends upon a number of things - tyne of 
mere, depth at time, ballast condition, control surfsce situ- 
Eeren, etc, Of course Someone could be on hand at 81] times as 
a back uy to operate the manual cyntrols in case of a mislap, 
This would compromise the advantage gained by reducing the 
manning reouirements, 


It now becomes apparent that this type of system has 
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restrictions that can not be overcome by the design engineer, 
The amount he can reduce reaction time will always be depen- 
ene upon technology and thus beyond his immediate control, 
Because whe rate of deflection of the control surfaces is 
meee, tCiis type of eee will always heve a leg time be- 


tween the input and the output, 
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Anticipatory Automatic Control (#3) 


it wes evident infne pee Mouse ScCelOn theac if further in- 
provements were to occur, a way must be found to overcome the 
inevitable time lag, Since it could not be eliminated, the best 
bev seems to be to compensate for ito 20S wild Grequire an.sn— 
ticipatory system, In otherwords, there must be sone means 
of accurately Puce tinemuNe eCRcomimg excitations before they 
imeem une boat, Ihe control loop for such a system is pictured 
in figure 19, 

tits 1oop differs’ substantially from the first two, In 
addition to the normal depth and pitch input, weve character- 
Pores are also inputs, From the summing junction, either a 
feesoteal Solution involving the equations of motion or a com- 
puterized strip analysis could be used to determine how much 
and how fast the control surfeces saouael Dewdict lecuca. | If 
eet tne equations of motion or the strip theory could produce 
exact Pet ions (rather then apyvroximations) no feedback loop 
would be necessery. Obviously thovgh such is not the casé and 
Be@qdicionel inout to the summing junction is the error On une 
system via the feedback loop, The ballast is another feedback 
which is also an input to the sumning junction, The vnlane de- 
flections are monitored and averaged by another computer which 
Carveulates ballast requirements aca cor.tinuously varies the 
beisbest accordingly, 

The beauty of this type of system is that the vlenes will 


pemtovineg COnLInucuSsly in anticipation of what comes next; 
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Although the planes move continuously, the path of the boat 

is always horizontal (theoretically), The ability of the system 
tO predict the wave and its effect on tne boat will be one of 
the deciding factors for accurate control, 

Lhe output of the wave prediction subsystem will depend 
Moemewhich type of solution is to be used, classical or strip 
theory, in both cases however it is necessary for the wave 
characteristics to be determined in advance, 


musplays Of 2,4) sh. 110 are for monitoring only and serve 


stern 
Mmemeuner purpose aS long as the system is functioning properly, 

This type of control has many tangible advanteges, The 
femvecd manning requirements would be similar to those of the 
previous method but the Diving Officer would now be free to 
devote his entire attention to other duties, Tne Officer of 
the Deck will not have to worry about bleary-eyed planesmen, 
Now thet a computer has replaced the Diving Officer at the 
Dallast controls, the weight is not subject to human miscale-e 
paletions, 

The biggest advantage of course is that the anticivatory 
capability makes a perfect ride theoretically possible, Even 
though it is obvious after noting the approximations used in 
eum vie classical and strip theory that tnis will not heppen, 
control vrobably can be improved oy at least an order of mnag- 
nitude if enough time and money are spent on modeling end 
Simulation, Speed will no longer be limited by system lags, 


(Though in most ceases vropeller cavitation probably will limit 
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it.) Finally, because of the anticipatory nature of the systen, 
less energy will be wasted in attempts to mois cen ieee the 
planes by large amounts to catch up with the rapidly changing 
environment, instead necessary angles will be smaller and high 
deflection rates will be less imperative, ("An ounce BE pre- 
wempion,..") 

Unfortunately, the intricacies which give the system such 
me ee DOLeNtial also leave it open for possible disaster, The 
feeuracy Of the Sonar is subject @o question due to the compos- 
mem Of the reflecting surface, The submarine's proximity to 
Wiemourrace Could cause the receivers to pick Up much unranted 
memecevnacn would be hard to differentiate from the desired 
back-scattering, The assumption of regular waves is necess°=ry 
mamoiinies are to be workable, but the accuracy, especially when 
peearering particle velocities, is suspect; This is particu- 
Peamevrue Since determination of wave amplitude relies on the 
assumption that the submarine knows its exact depth below mean 
sealevei constantly. 

PeookK 20 the classical method quickly eliminetes it from 
Momence ravion since the hydrodynamic coefficients becone depen- 
dent on depth and sea state if the boat is within a half of 
@® wave length of the surface, Notice the ‘, PLOte an mppend 1x) A: 
Pecoupliig the roll equation in eccner than head or follor’ng 
seas is very unrealistic, This is the parametric excitation 
Mentroned earlier, Additionally it should be noted that the 


equations of motion are first order approximations but the suck 





oy 


Meee is Second order and therefore not included, An expansion 
femenie COUetiOnS Of motion to include all second order terms is 
very Comomcx.) =ven Chis would not insure accuracy, It would 
Stilt be extremely difficult to model the equations, 

imnear Strip heen Bencaresterne @ more pleusible solution, 
Mwmovil. iS subject to the wave orediction problems, It will 
account ror beam seas and for roll to some extent, Problems 
mimes method Lie in prediction of boundary conditions, It 
immertt1CulL to describe the influence of the water particle 
Seibel velocities on the boundary layer, This particularly 
true on tne side opposite the direction of the prevailing seas, 
Effects of separation near the stern and of the sail vortex on 
the afterbody are neglected, 

Pmovher oroblem expecially in enemy waters is control of 
the sonar pulse necessary to predict the waves, lts transmis- 
Pevormecould be in violetion of normel audo silence, Even if 
everything else worked flawlessly, this would probably be 
enough to doom the system, 

A back up. crew will still be necessary in case of some mis- 
hap, this problem is identical to the previous systen, 

ihe final argument against this system siete come from fi- 
nancial experts, Research and development costs would be astro- 
pempeal, especially in the form ct model testing and conplter 
Simulation, Even if these were successful, full scale tests would 
ecm bO De @ must, Adcdivionally, maintenance and repair costs 


(ommimecrtainiy Be very restrictive; 
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Anticipatory Manual Control (#4) 


Mieke were OO] —COUrSe Numerous OLnNer conceivable systems, 
nemewer, faced with the need for an anticipatory system and 
the reality that the previous automatic system is presentiy 
infeasible, the following is one of the solutions that presents 
mereit, (See figure 20 for control loop,) 

the depth input for this system goes to a computer which 
Poerols the sail plene, The pitcn input goes to the stern 
planesman, Hydrostatic sensors along the top of the hull mea- 
Sumer aepthn of the hull at that point, With this information, a 
reasonably accurate wave profile can be plotted within the com- 
Perer. This serves two purposes, The water perticle orbital 
temocivies and directions can be determined for use bv the sail 
plene, Tne engle of attack can be more accurately predicted, 
(In the first two systems steady uniform flow over the planes 
was assumed.) This anticiaption of angle of attack can make a 
Significant difference and it will allow the planes to operate 
— Suriacientiy — at lower angles of deflection, 

The second use of the wave profile is as a display for the 
Ewerm plenesman, A computer does not replace the man in this 
ieep, Decause inflow velocity predictions ere fan Loo IMaeceuLea ve 
mommuse, A COMbinetion of propeller race, afterbody separation, 
meemcail VOrvt.ces create the prot em, Instead 4 man is given an 
anticipatory capability by giving him a video display of the 
encountered wave shape, He can easily be trained to anticivate 


how the subnerine will act under verious portions of variously 
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Seaped waves, for instance, he would learn that when the main 
meteeis taider a crest or a trough, motion will be primerily in 
fever, aid he should have his planes already moving in antici- 
pation, (See figure 21 for control display panel,) 

Another small computer begins a loop ‘See monitoring the out- 
put of the sail plene and taking a time average of the ampli- 
tude of tne deflections, This average is used to compute the 
Geom Of suck force the planes are being required to overcome, 
fiimemeifznt discrepancy is displayed for the Diving Officer, 
Additionally, another computer can calculate the average suck 
bomeisine the method of equation 31, this is converted to another 
weignt recommendation, Either or both of these may be used, 
the Diving Officer is then free to compare these two recom- 
mendations with the actual ballast and make his own decition, 

As in all of the previous methods, the two plane deflec- 
mieomegecne Sea excitation, and the ballast condition combine to 
determine the vehicle's response, The difference between invut 
and output are again sensed and displayed while z and z are 
fed to the sail plane computer, 

This system can be seen to be somewhat of a compromise be-~ 
tween the other three, It uses the man from system one to 
Soemere! pitch, but it gives him an anticipatory capability sin- 
ilar to system three without the use of sonar, In the long run, 
Paemmoan may develop a petter sense of accuracy than would the 
automatic system which had to rely upon so many approximations, 


(A computer can not give results which are more accurate than 
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the programs which meke up its memory bank,) 

oimee ene seil planes are in the free stream, it is possi- 
fe = meke a relatively accurate prediction of the angle of 
attack and thus the lift they are capable of procucing,. There 
eeestils be a time =e im heave but it will be partially off- 
set by the fact that a better estimation can be made of the 
effects of plane deflections, The system will take advantage 
Sieparcicie orbital velocities instead of blindly fighting 
them, This approach should allow the system to cperate without 
the use of filters without exceeding existing hardware limits, 

the calculations involved in this system are much simpler 
than those for system three and so the modeling end simuletion 
Gesus rill be substantially lower, Also the accuracy of the 
forecasted wave is much more reliable even though the method 
fommuen Simpler, 

Since the stern planesman must be constantly aware of his 
Smemeone information, it would be impractical for him to operate 
the helm too, At least this will leeve the helmsman free to 
concentrate on his job, As a beck up for the sail plene com- 


puver, & man can use the same information es the stern planesman, 
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Conclusions and Recommendations 


The manual system as it now exists certainly can continue 
as a suitasle back up system, However, if operational speed: 
Sre to be increased and. accuracy improved, a better solution 
must be fov.nd, 

fMeesecems apperent that a purely anticipatory am goRenee 
system such as the one used OvwmemncerotOrlsy 1S NOt practical , 
Even af the wave could be accurately predicted without the use 
mamesoner, Loe higniy complex configuration of a submarine as 
@eomperea tc that of the hydrofoil’s three struts and three 
foils makes the analytic task for tne Computer nearly impossiole 
with current analytical tools, 

This leaves systems two and four, If the man in the loop 
48 replaced by a machine, the reduced lag time can certainly 
mempenericieal, However, even assuming that the necessary 
[meer s can be installed to limit excessive noise, the svstem 
feemeenever be able to overcome tne lag due to plane deflection 
rates, ; 

oystem four appears to offer the advantages of each of 
ace previous three systems plus some of its own, 

1. No sonar, 

2. Prediction of seaway before it reaches the control 

surfaces, 

3, More information for the planesman, 

4, Plenty of ballast information for the Diving Officer, 

5, Manual control of stern plane but with anticipstory 


capability, 
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Computerized sail plane with no need of filters, 
Comoaribively reliable, 

Corpor weuvelywlom research end development costs 
Releases three men, 

Potentially quicker response and better accuracy than 


emer vires SySucmsS, 


‘Tests should be conducted to insure that a man can be 


taught to anticipate the boat's response to various waves if 


@ieyeare Visually displayed, if this is very successful, it 


fede OC morth the effort to try replacing the computer at the 


sail plane controls with a man, The problem is that he would 


not have nearly as much time to evaluate each approaching wave, 
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Appendix i: Wave Sensing Sonar 


itm tne process Of trying to determine the shape of waves 
before thay reach the boat, a rather peculiar problem arises, 
Objects are normally sensed by sonar when an incident sonar 
feememis reilected back Co the boat to be received, in this par- 
treular case however, geometry prohibits the reflected wave 
meemereturning to the boat, It is instead reflected avay trrom 
the boat by the oceen's surface, However, due to the surfece 
Peenximity, ib would be possible to pick up backscsttering 
created when the sonar pulse encounters the rough ocean surface, 

Pecuslic wave theory states that sufficient scattering will 
occur if the length of the incident wave is of the same order 
as the pee ores of the surface (length of the ocean's 
capillary ey. Pei Me nOsCOplCusurVveysOretNie Cherpy densicy 
Spectrum reveals that these capillary waves are on the order 
ere, O01 as Since the speed of sound in water is about 5000 
fos, the length of the sonar pulse necessary is calculated 


as follows: 


A) —_ 2) 
eve = 0.0| = Asonar™ sau / fae 
Cees wee = 500 K H2 (46) 


Fortunately 500K HZ is a relatively common sonar frequency 
and would certainly be feasible, Therefore, for a submarine 
with a denth cf keel of 60 feet, speed of 10 knots, and a forward 
search sonar inclined upwards at a 45 degree angle, the follow- 
idewsituation exists, (See figure 22.) 


Peep pler "senar can be uwsed CoO detect the oncoming wave 
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Figure 22 
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speed and thus frequency and length, 
Af= frequency shift = 2 Veelative’ F /Ceound (47) 
At = 2(Vs* Vp) f /e sure | 
* Coy At K2¢) - =V. (48) 
21g //\ and Az Vp" 7/4 
We= =(21/»)[Vo - Vz cost | : (49) 


For a doppler shift of 14,5K Hz, 
Vo = 5000 x [4.5 ¥ [09/2* 5 108 (Be 1 
Vp = SG ie 
A 567+ 29/32.2 = 628 Et 
w= Jongh = 0.566 sec 
Wee 0.01. 7456) =0.727 sec 


Time to encounter is T=45ft/56fps = 0,8 seconds, 


(( 


To increase this time to encounter, the angle merely needs 


to lessen, For the same wave, 


il = b./Vp 

b= T/Vo 

b= 166 £t 1 

Se a arctan b : 
See aS 


Since the path length of a pulse is short compered to the 


if a 3 second margin is desired, 


(50) 


speed of sound in weter, it can be assumed that the wave hes 


not movea wnen the signal is receivea, 


The problem now becomes one of determining the wave ampli- 


mae, if the boat is not moving perpendicular to the crests 


of the waves, the angle of attack into the waves becomes 
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miportant, Ihis eae can be found by having the dopvler 
fee Continuously scan the horizon to maximize the doppler 
shift. The angle ~_.,, at which this shift is meximized will 
also be the angle of SSO EAi yo (See figure 22,) 

oince the boat travels such a short distance between trans- 
fieeeion and reception, s can be ignored thereby making m=n and 
bec, 

m= atx Csound / 2. | (51) 

where At is the elapsed time between transmission and reception, 

g Psomusesanele where At as meximum and © is chosen to 
Pemeow tor bLhne correct lead time as shown earlier, Therefore 

d= m sin8 (52) 
the wave amplitude then is d- Zon 

iteetie bDOat were to choose a course into or with the seas, 
the entire boast would pass through the same part of each wave, 
These courses also would legitimately uncouple roll from the 
fguarvrons Of motion by e€liminating it, Unfortunately this is 
nee always a feasible idea for a combatant submarine, There- 
fore, more problems occur for waves when #0 or 180 degrees, 
For such waves (assumed regular) 

d= dao C05(wet ~Ky +6) C3 
tm@emimciluded kx will apply to water particle orbital velocities 
at points,;aft of the bow, These are the velocities to be used 
fiomepne linear Strip theory, 


For angles of ¢ between 20 and 160 degrees and between 


— 








ee 


200 and 340 degrees, it would probably be necessary to locate 
at least one other transmitter and receiver farther aft since 
the entire boat will not pass under the same wave shape in an 


irregular sea, 
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Appendix 2: Equations of Motion 


Pre etree body Nas Six degrees of freedom, three trans- 
lational and three rotational, Any motion can be described es 
a combinetion of these six motions, Each degree of freedom can 
bemearsected by all of the other five, The problem that this 
emeates Cin be seen from the fact that it becomes necessery to 
foume 2 Simultaneous. system of six partial differential equations, 
Mees OOVIOUSly is not an enviable task, 

Fortunately these may be broken into two catagories without 
Pemrous damacse, For motions in the horizontal plane, a | 


Cai Sy 


svay, surge, and roll only need be considered, For those motions 
in the vertical plane, Pew epitome, Meave, “and ibe are appli- 
cable, The method reduces the problem to 4 equations, For 
Pmeomoletcly submerged submarine, the effects of surge are 

wiemwe enough to be neglected, 

Mie problem of roll for a submerine near tne surface is 
merely Of an Entire peper by itself, For this reason, it will 
Bemmerlecred to simplify matters, For a subdmerine in head or 
following seas, this is a very valid step, Since due to the 
Pemveend Sterboard symmetry, neither heave nor pitch will excite 
mommieor Vice versa, Problems do occur in seas which alan oe 
Peepenaicular to the path of travel, For these seas, very ser- 
MmltercOouy ling can occur between roll and pitch and heave, 


From reference HE the equations of motion for the vertical 


plane are: 


Surge YX = mLi+qw-vv- xq lq"+r?) yg (oq-i) + Za Cor rq) (5 al 
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Heave Z= mLwtev-qu -Z,(p?+4?)+ Kg (cp-q) + yq(rq,+ p)] (S4b) 
Pitch M= 1,4, +(L,-Iz)ep +m [ 2(uirqw-rv)~¥q(Wepv-qu) ( 
#Y§25CqP oF) yay (qe-B)  ¥5 25 Cp 2] 
Roll has been decoupled, Assuming that motion is sSTEIS as e Ae cts to 
Gmiee pitch and heave gis noting th:t Y5 20 » 
Z= mbw- aq ¥oq] (5s) 
M = ly 4+ 1) 244W ~X4W] 
Wmenwcquetions are linearized in the following way, 
o=o = We = Wo =O (56) 
Since G=GotAq ) G@ = AQ »WzAW’ 42hq ,W=AW 
Ali terms containing products such as AqMw will be dropped 
Pamee they are second order and are therefore considered negli- 
Sibly small, 
ee EG. (57 
M = i” q - W Xo W 
Peumeatraient ahead motion atl constant speed, these two equa- 
Povo must also contain the following dynamic response terms, 

Z,0+ 244 +24 +Z,2+Z2,wi Zw M,O0Iag Made + Mu Bt £9) 
49 Mamie Pareta) derivative of the 2° force with respect to 6 
Svaluetca at 8 equal 0, Some of the partial derivatives are 
mibuicavely zero for a submarine at great deptns, 4, for in- 

Stance, Near the surface however, the 4 force varies with depth 
even in calm seas, (See figure 2°) The mere presence of 7,2 
meeone 15 SUuificient to make the system unstable in the vertical 


Beene, Conbining equations 57 ana 58 Ceaigense: 


a: -Z,7-Zyw t(m-Zy)w - £44, - 2,8 -(m Xs + 2g) 4, =O (54) 
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he -M,2 - Myw + ContgM,,) w~ MgO - Mag +(Ly-Ma)q =O (S4e) 
Further complications arise when the boat is pl-ced be- 
neerae a i3eaway as indicated in an earlier section, As was noted 
Merc nlamc, Lie frequencies of heave and pitcn will be ident- 
ical to tnose of the aa Cena excitation, So 
Z ott eee sin (Wet t € | Ge) 
Merit = Ne COS (wet as 
for a regular long crested wave, 4,,, can be found experiment- 
ally in the towing tank, For a submarine under a long crested 


mene au constant speed with fixed control surfaces 
=e Zz ~ Z walm - 7 y)W- Zs, 6 - ~ 244 —(mXs ae 4) ean sinlwet t+€) 
_ Mea -Mywelonxgr th) -Mj0-hag + Ly Mg)g «Maa nec 


meee complications arise when a stochastic excitation is intro- 
Gueed, Assuming linear superposition, 

“2, 2 - Z,wo(m-2Bui)w-20 -Z,9-(0n'5+Z4)4 + 2,2 Z sinlwefi€c) (6) 
M,Z -MyW eCity) - M8 - Mgq elly-Ita)gs 2 g M: costa t 
Since model tests reveal, (2/r)-= constant: and a(i/),- =ecenccanu: 


cég2- Zyw elo 2a MF 28-249, ontgs 4 % Gehi an luedre) (9 


-M,zZ- Ma W ((MXe- M. AW M. 6 - NA oq. aly- Mg\4, 2,43 h, caslat t+€) 
Mis infinite sum is impossible to work with so it will be 

replacea by sone known frequency and vave We den In the pre- 

vious avpendix it was seen that the sonar was constantly detect- 

ing different waves, Therefore tyese till be used in deter- 

Beem 2 value for h andy“), The constant, C,, is different 

mor every pr. jen bae knowing Wp » iibo COs vent Gear be picked Tron 


, Zz 
mie Svanderd Response Amplitude Curves of (2/,) VS, We « 
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Figure 23 

Mew Constants, wave heignts, and encountering frequencies 
Vem be Computed periodically, 

iets evident thav derléeéction of the control surfaces is 
now necessary to eure une Sinusoidal excitation, 1 ie 
Hommmowins additional terms must now be added, 

Ee 5 Seal * 2 Sc 1+ Ze bu t 5 Sem (Zi Saleen + BS fev 

IM buy | 1M, 3a tS 1M Riele +M, Sater My Stern 


ivemer ect of oan ee aes and nee ee is usually 


(4) 


Meemeeved leaving only 
-2,2-Z,w+(m-2, 4) 0 “Za ~(mny 5B) -Gehesinlays he) = 28, wil ern 7 c) 
-M 42Z-M Ww “(AY NsW- My6- Mog + + Cfy- “a4 Ce cost, ie): M5 | MS ser 

In the above equations, the excitation has not yet arrived 
at the boat (using the anticipatory system), The thing to do 
mow then is to order the sail and stern mesmo ected soon 
emeuen before it arrives so that the plenes have just reached 
i@emproper HOSiCion as the excitation arrives, This requires 
solving the two equations for 3. ; and $4.4 This can be 


done using a Lavlace Transform or some similar method, 
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Bppenaice ste otrip Theory 


In light of the problems encountered in applying the 
equations of motion, use of strip theory is probably a bei:ter 
tool for the near-surface case, This involves breaking the boat 
into a finite number of sections by passing planes through it 
perpendicular to the longitudinal axis, The dimensions of each 
section are assumed to be independent of the x coordinate, 

This requires that the length of each of the sections be sginall 
fOr the sake of accuracy, 

Each of these sections is taken separately and the pressure 
is integrated over its surface to determine the forces and 
moments acting on this section, After this has been done for 
each section, the forces and moments of all the sections are 
Summed to give the net force on the boat, Again only pitch and 
heave need be considered though all the other forces and moments 


Pd 


Haveoe Calculated from Oran and Mteotale 
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fe = Si pitds (66) 


No. 
Atal > ya ae 


Peamidarly, Me = (\ ple) Sy; 
<; 
Nv Pe ean 
Mita = = Sf plre Ai BSN ar > a fh 
=! “S, Azl 
Mere, as noted earlier, p = am (<i fi hy \V2+gz) 
for Vit = Ust Vo +We 
ee Ve U wax Cos(yt) COS Ut 
Vo = Vmay cos(wt) SIMA 
Wo = Wmax Sin (wt) | 
where Umay = Vmay = Wmay > A Te) expl-27 z,/2] 


A andW&W are those of the wave which was detected, by the sonar, 
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